INTRODUCTION
Biolubricants derived from renewable materials like vegetable oils are in great demand and gaining rapid growth in recent years because of negative environmental impacts and rising prices of petroleum oil based lubricants. Vegetable oil based lubricants are environmentally preferred to petroleum based oils due to their low volatility, high flash point, favorable viscosity temperature characteristics and excellent biodegradability 1 3 . Vegetable oils are from renewable resource, nontoxic and lower cost alternative to synthetic fluids 4, 5 . In addition, vegetable oils have high solubilizing power for polar contaminants and additive molecules. However, vegetable oils have poor oxidative and thermal stability, which is due to the high degree of multiple C-C unsaturation in fatty acid chain and the bis-allyic protons 6, 7 .
Chemical modification of vegetable oils can overcome these shortcomings, by reducing or eliminating unsaturation in vegetable oils. These changes can significantly increase the performance of a lubricant material 8, 9 . The improvement of lubricity properties of triglycerides upon the introduction of epoxy has also been demonstrated 10, 11 .
Epoxidized vegetable oils and their alkyl esters are commercially useful as plasticizers and polymer stabilizers 12 .
Due to their high reactivity of oxirane ring they can be used as intermediates in production of a variety of derivatives such as alcohols, glycols, alkanolamines, carbonyl compounds, olefinic compounds, and polymers 13 . The use of epoxidized unsaturated fatty acids FA as metal working fluids 14 and epoxy oils as lubricating additives to eliminate corrosion from chlorine containing compounds 15 is reported in literature. Epoxides can also be used as high-temperature lubricants 4, 11 and the products obtained from ring opening can be employed as low-temperature lubricants 16 .
Because of their commercial importance, the epoxidation of long-chain olefins and unsaturated fatty acid derivatives such as those from soybean 17, 18 and other plant oils like canola 19, 20 , rapeseed 21 , and linseed 22 are carried out on an industrial scale. Non-traditional oils like mahua 23 , karanja 24 , cottonseed 25 , rubber seed 26 , and sunflower oil 27 were epoxidized using various catalysts. Previous research reported on epoxidation of jatropha oil is mainly on the effect of reaction temperature, concentration of reagents and time on epoxidation and reaction kinetics using different catalysts 28 32 .
In the present study, we report the synthesis of epoxy jatropha oil with peroxyformic acid catalyzed by sulfuric acid and its characterisation for physico-chemical and lubricant properties. The effectiveness of three different classes of antioxidants was investigated using Rotating Abstract: Vegetable oils are being investigated as potential source of environmentally favorable lubricants over synthetic products. Jatropha curcas L. oil (JO) identified as a potential raw material for biodiesel was explored for its use as a feedstock for biolubricants. Epoxidized jatropha oil (EJO) was prepared by peroxyformic acid generated in situ by reacting formic acid and hydrogen peroxide in the presence of sulfuric acid as catalyst. Almost complete conversion of unsaturated bonds in the oil into oxirane was achieved with oxirane value 5.0 and iodine value of oil reduced from 92 to 2 mg I 2 /g. EJO exhibited superior oxidative stability compared to JO. This study employed three antioxidants such as butylated hydroxy toluene (BHT), zinc dimethyl dithiocarbamate (ZDDC), and diphenyl amine (DPA) and found that DPA antioxidant performed better than ZDDC and BHT over EJO compared to JO. The lubricating properties
Epoxidation of Jatropha Oil
Jatropha oil 500 g, 0.57 mol , formic acid 44.5 mL, 1.15 mol and sulfuric acid 6.1 mL, 2 weight of HCOOH and hydrogen peroxide were stirred under mechanical stirring at 10 . Hydrogen peroxide solution, 30 concentration 460 mL, 4.56 mol , which was pre-equilibrated at the same temperature was added slowly to the contents through addition funnel during a period of 2 h. This precaution was taken to prevent over heating of the system due to the exothermic nature of epoxidation. After addition of hydrogen peroxide the reaction contents were stirred at 60 temperature. Samples were taken periodically and analyzed for oxirane value and gas chromatography to monitor the reaction. After complete conversion, the reaction mixture was cooled down and washed with water until it was acid free. Ethyl acetate was used for the separation of product from water phase and the final product was passed through anhydrous sodium sulphate, dried under reduced pressure. The weight of the product was 497.5 g 96 wt of theoretical yield with an OV oxirane value of 5.0 and without hydroxyl value. The product was analyzed by IR, 1 H NMR, 13 C NMR. The fatty acid composition was estimated after transesterification by GC and GC-MS spectral studies. 
Analysis
The fatty acid composition of the oil was analyzed by using gas chromatograph 6890N series of Agilent make using HP 1 column i.d. 0.25 mm, length 30 m . The injector and flame ionization detector were at 300 . The oven temperature was programmed at 150 for 2 min and then increased to 300 at 8 /min. The carrier gas used was nitrogen at a flow rate of 1.5 mL/min. The GC-MS analysis were recorded using Agilent 6890 gas chromatograph with HP-1 MS capillary column 30 m 0.25 mm 0.5 μm connected to Agilent 5973 mass spectrophotometer at 70 eV m/z 50-600; source at 230 and quadruple at 150 in the EI mode. The iodine values of JO, SBO soybean oil , EJO epoxy jatropha oil and ESBO epoxy soybean oil were determined using the AOCS Cd 1-25 standard method. The oxirane and hydroxyl values were determined using the AOCS Cd 9-57 and Cd 13-60 standard method. Quantitative analyses were always carried out in three replicants.
1 H NMR spectra were obtained using a Bruker AR X 400 Spectrometer 400, 200 MHz .
13
C NMR spectra were recorded in CDCl 3 on a Varian Spectrometer 75 MHz . IR spectra were recorded on a Perkin Elmer Model: Spectrum BX; Connecticut, USA FT-IR spectrometer neat as thin film.
Determination of lubricant properties
Density was determined by Anton Paar DMA 4500M density meter. Kinematic viscosity of the products was measured using Cannon Fenske viscometer tubes in a Cannon Constant Temperature Viscosity Bath Cannon Instrument Co., State College, PA at 40 and 100 temperature as per the ASTM method D-445. Viscosity index was calculated using ASTM method D-2270. The viscosities were average values of three determinations.
Pour points were determined using Automatic Pour Point Tester manufactured by Dott. Gianni Scavini & Co., Italy. Pour point were determined by ASTM method D-97 with an accuracy of 3 and the temperature was measured in 3 increments at the top of the sample until it stopped pouring. All the runs were carried out in duplicate. Flash point of the products was determined using Koehler Inc. apparatus as per ASTM D-93 method. Each sample was run in duplicate and the reported average values.
Rotating Bomb Oxidation Tests RBOTs were carried out as per ASTM Test Method D-2272 in the presence of copper catalyst at 150 in dry conditions. In RBOT, the vessel is sealed, charged with oxygen to 90 psi pressure, and rotated axially in a constant temperature oil bath set at 150 . The pressure in the bomb is continuously recorded. The RBOT time is the time at which the pressure of the bomb has dropped by 25 psi. Three different commercial antioxidants namely butylated hydroxy toluene BHT , zinc dimethyl dithiocarbamate ZDDC , and diphenyl amine DPA were added to EJO at 0.5 and 1 concentrations and the ability of the antioxidants to resist oxidative deterioration at elevated temperature along with JO and EJO was carried out employing RBOT. Corrosiveness of the products was determined by ASTM method D-130 using Koehler Inc. apparatus. A polished Cu strip was immersed in 30 mL of the sample being tested at 100 for 3 h. After 3 h, the Cu strip was removed washed and the color and tarnish level were assessed against the ASTM Copper Strip Corrosion Standard.
RESULTS & DISCUSSION
Jatropha oil containing 45.6 oleic acid and 32.8 linoleic acid Table 1 having 92 iodine value was epoxidised using peroxyformic acid generated in situ by reaction of formic acid with hydrogen peroxide in presence of sulfuric acid with 96 of conversion. Similar procedure was used for epoxidation of soybean oil. Both the reactions were monitored by analyzing the OVs. The maximum OV obtained for EJO is 5.0 after 2 h, in case of ESBO 6.6 after 5 h. Due to lower content of unsaturated fatty acids EJO has lower oxirane content compared to ESBO 31 .
The infrared spectrum of EJO Fig. 1 showed distinct doublet absorption at 823 cm 1 . Epoxy ring opening reaction and the formation of diols did not occur in the epoxidation, as evident from the absence of absorption peak at 3300-3450 cm 1 .
The 1 H NMR spectrum of EJO Fig. 2 indicated almost complete conversion of the carbon-carbon double bonds by the absence of the characteristic peaks of olefinic and allylic hydrogen atoms at 5.3-5.4 and 1.95-2.05 ppm respectively. Peaks in the region of 2.8-3.1 ppm indicate the presence of epoxy group protons. The peak at 1.5 ppm corresponds to the presence of methylene group next to epoxy band while the peak at 1.7 ppm corresponds to methylene group sandwiched between two epoxy groups indicating the presence of diepoxy groups formed due to the epoxidation of linoleic acid. Absence of new peaks in the range 3.3-4.0 ppm indicated that hydrolysis and formation of diols did not occur during epoxidation. 13 C NMR spectrum of EJO Fig. 3 showed the almost complete disappearance of olefinic carbon atoms between 120-140 ppm. In addition, carbon signals at 54-58 ppm indicate presence of epoxy carbons. Peaks at 172 -173 ppm due to carbonyl carbons of triacylglycerol, 69 and 62 ppm for CH and CH 2 carbons of glycerol backbone confirms that glycerol fatty acid linkage is intact in the product.
Gas chromatography analysis of EJO shows the presence of C18:0 epoxy group 47.5 from oleic acid, C18:1 monoepoxy 2.7 and C18:0 diepoxy 26.5 groups from linoleic acid in the methyl esters of EJO obtained after transesterification with methanol. GC analysis also did not indicate the presence of hydroxylated products. The spectroscopic and gas chromatographic data indicate that nearly entire C C unsaturation in jatropha oil has been converted to epoxy group. Removal of unsaturation is expected to enhance the thermal and oxidative stability of EJO. Epoxy jatropha and soybean oils were characterized for physico-chemical properties like density, iodine and Fig. 1 FT-IR spectra of (a) jatropha oil and (b) epoxy jatropha oil.
Fig. 2
1 H NMR spectra of (a) jatropha oil and (b) epoxy jatropha oil.
oxirane value and was evaluated for properties namely, viscosity, viscosity index VI , flash point, pour point, copper strip corrosion value and oxidation stability. Table 2 lists the physico-chemical and lubricant properties of jatropha and soybean oils and their corresponding epoxy oils. Density and viscosity of epoxidised oils are more than their original oils due to their high molecular weight, more polar structure and stronger interactions between molecules 11 . Viscosity index of epoxy oils is less compared to their virgin oils. These epoxy oils fall under group III category of base fluids as per API classification with their VI values well above 120. Pour point of epoxy oils is expected to be higher compared to their unconverted oils due to conversion of carbon-carbon double bonds to saturated epoxy group. Epoxy oils have exhibited higher flash points compared to their unconverted corresponding oils. With its high flash point indicating low volatility, EJO can be a potential candidate for high temperature applications. Corrosiveness of epoxy jatropha and soybean oils 1a is found to be good. Rotating bomb oxidation test was employed to evaluate the oxidation performance of epoxy jatropha and soybean oils and their unconverted oils. As expected oxidation stability improved in the case of both the epoxy oils as a result of the reduced number of carbon-carbon double bonds in the product with increase in RBOT value of 5 min for unconverted oils to 20 min. The antioxidant DPA exhibited better performance compared to BTH and ZDDC in EJO at Fig. 3 13 C NMR spectra of (a) jatropha oil and (b) epoxy jatropha oil. shown that diphenyl amine generates nitroxyl radicals which get regenerated and scavenges more radicals under high oxygen concentration and high temperatures. The RBOT test results are shown graphically in Fig. 4 . For EJO the RBOT time was 20 min and treating the EJO with additives at 0.5 concentration increased the value from 20 min to maximum 90 min. With BTH at 0.5 concentration the base oil exhibited increase in RBOT time from 20 to 30 min, ZDDC to 45 min and DPA to 90 min. When the concentration was increased to 1 of additives in EJO all the three additives exhibited enhanced oxidation stability. DPA significantly stabilized EJO at 1 concentration. It was the most effective antioxidant increasing the RBOT value of EJO about eight fold at 1 concentration. BHT and ZDDC were also effective at 1 concentration, but their effectiveness at the 0.5 level was not significant. When jatropha oil was tested with the three antioxidants, at both the concentrations, the improvement of the RBOT value was not significant. Epoxidation generally improved all the lubricant properties of JO excepting pour point.
CONCLUSIONS
The epoxidation of jatropha oil was performed resulting in high reaction conversion of 96 . The spectroscopic and gas chromatographic data indicate that nearly entire C-C unsaturation in jatropha oil was converted to epoxy group. EJO exhibited better oxidative stability compared to that of virgin JO and its oxidation stability was further improved by using different antioxidants. DPA was found to be the most effective antioxidant for EJO at 1 concentration increasing the RBOT value of EJO about eight fold. In general, epoxidation improved all the lubricant properties except pour point. EJO exhibited comparable or better lubricant properties compared to ESO. EJO could be a potential lubricant base stock for high temperature applications.
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